A thin film of pyroelectric composite with 0-3 connectivity was fabricated from zinc oxide (ZnO) nanopowder and polyvinylidene fluoride (PVDF) with different volume fraction from 0-0.25 wt%. The dielectric and pyroelectric properties of the samples were investigated. It was found that the presence of a small amount of ZnO nanoparticles (0.25 wt%) has significantly increased the pyroelectric coefficient of the PVDF by 25%. Furthermore, the nanocomposite films required lower poling field to form polar-δ phase compared to pure PVDF thin films. Analysis of the complex permittivity in a wide range of frequency was carried out indicating that the dielectric constant and loss of PVDF/ZnO nanocomposite thin films increase when doped with ZnO. Havriliak-Negami (HN) empirical function has been employed to obtain the α-relaxation time of the nanocomposite thin films before and after poling. The α-relaxation time does not vary with the increase of ZnO wt%; however, the effect of poling has lengthened the relaxation time of the thin films. FTIR and XRD results supports the fact that the addition of ZnO nanoparticles into PVDF polymer thin films do not cause any significant effect on the structure of the PVDF thin films. In fact, ZnO nanoparticle has enhanced the overall pyroelectricity of PVDF by facilitating the poling process in the composites and led to phase transformation of PVDF from α-to δ-phase as supported by a marked reduction of (100) x-ray diffraction intensities.
Introduction
PVDF is an ideal candidate for devices such as pyroelectric sensors, electromechanical devices and transducers due to its high piezo-, pyro-and ferroelectric properties [1] [2] [3] . A fascinating characteristic of this polymer is its polymorphism, where it can exist in several crystalline structures: orthorhombic α-, β-, and δ-phases and monoclinic γ-phase [4] . Among these four common polymorphs, only the α-phase is nonpolar and it is readily obtained from melt crystallization, while the remaining three are polar [1, 2] . From the technological point of view, β-phase is more favorable by the scientific community due to its large spontaneous polarization.
Upon drawing, α-phase will transform into β-phase which exhibits a net dipole moment as all the C-F dipoles are aligned in the same direction [4] . The γ-phase has a conformation intermediate between that of α-and β-phase with a sequence of three trans linked to a gauche TTTGTTTG ( ), and is formed from high temperature crystallization above 160°C [2, 4, 5] .
The δ-phase is a polar version of the α-phase. The conversion from α-to δ-phase is due to structural transformation that does not change the chain conformation of PVDF. Conversion of δ-phase can be achieved by poling the α-phase PVDF under a high electric field of 100-150 MV m −1 . The second molecular chains in the unit cells of α-phase PVDF rotate 180°around the chain axis to produce δ-phase during the poling process. Consequently, the C-F dipoles are aligned together in the unit cell and exhibit a net dipole moment [6] . A series of comprehensive works on δ-phase which yields significant implication in functional electrical properties have been conducted in 1980 [7] [8] [9] [10] [11] [12] [13] . However, not many works on δ-phase were reported thereafter. In order to enhance the functional properties of PVDF, ferroelectric ceramics such as BaTiO 3 [14, 15] , PbTiO 3 [16] and PbZrTiO 3 [17] are incorporated in the polymer matrix to form 0-3 type composites. These ferroelectric composites constitute a new structure which combines high ferroelectric activity of the ceramics and high mechanical strength of the polymer. However, these composites are macroscopically isotropic and exhibit no directional behavior. Thus, it requires a very high poling field to reorient the dipoles towards the direction of the applied electric field. On the other hand, many efforts have been devoted to enhance the evolution of β-phase by incorporation of clay nanoparticles into PVDF [18] [19] [20] . The increase in β-phase is due to the spatial confinement of the polymer chains imposed by the nanoparticles [18] and amplified by charge-dipole interfacial interactions [19] .
Earlier, we have reported that the inclusion of non-ferroelectric ceramic (TiO 2 ) in PVDF matrix contributed to the enhancement of pyroelectric activity in the composite [21] . Continuing this idea, ZnO nanoparticle was embedded into PVDF matrix. ZnO is a semiconductor which has higher exciton binding energy and comprises of rich family of nanostructure compared to other semiconductors [22, 23] . ZnO in the form of nanoparticles is chosen because of the interfacial interaction between nanoparticles and polymer matrix causes the nanocomposite properties to be different from the constituent materials [22] .
Moreover, many reports showed that the addition of nanorods, nanoflowers and walnut shaped ZnO enhanced the optical and structural properties of the PVDF [22, 23] . These nanocomposites may also be tailored into high performance micro filtration membranes [24] . Inclusion of ZnO in polymer thin films offer a number of advantages such as generation of large motions with low hysteresis, high available energy densities, high sensitive sensors with wide dynamic ranges and importantly low power requirements especially in microelectromechanical (MEMS) application [25] . Furthermore, it can be useful for pyroelectric detection of electromagnetic radiation and optical parametric devices [26] .
Although the physical and structural properties of these nanocomposites are relatively well studied, the electrical properties, especially the pyroelectricity of this system are not fully understood. In the present work, the prospects of using ZnO to further reduce the applied voltage on the PVDF in the field of functional electrical properties have been reconsidered. The main objective of this work is to investigate the influence of ZnO in PVDF during the poling process and the pyroelectric activity of the poled PVDF/ZnO composite thin film. In addition, the molecular dynamics of the PVDF is investigated in details by using dielectric spectroscopy.
Experimental
PVDF powder and ZnO nanopowder, respectively, were supplied by Kureha Chemical Industry Co. Ltd and SigmaAldrich Pte. Ltd Both chemicals were used without further purification. The pure PVDF powder and PVDF composites were doped with 0.05 wt%, 0.15 wt% and 0.25 wt% ZnO powder (particles size < 100 nm) and then dissolved in acetone. Acetone was chosen due to its low boiling point which favors the formation of α-phase in PVDF [5] . The solution was stirred with a magnetic stirrer at 80°C for one hour before agitating them in the ultrasonic bath at 50°C for 20 min to form homogeneous mixtures. The pure PVDF and the PVDF/ZnO nanocomposite thin films with 0.05 wt%, 0.15 wt% and 0.25 wt% were prepared by spin casting the solutions (at 3000 rotations per minute for 30 s at room temperature) onto clean glass substrates coated with aluminum electrodes by using a thermal evaporator. The films were baked in an oven overnight at 80°C to remove the residual solvent. The films were then annealed at 140°C for one hour to enhance the crystallinity of PVDF. The top layer of the films was coated with aluminium electrode to produce a metal-insulator-metal (MIM) structure. The thickness and area of the thin films were measured by Tencor Alpha Step 2000 mechanical profiler. Silver paste was used as an electrical contact to the thin-film device.
Direct current corona poling at 3 kV was performed on annealed PVDF, and its nanocomposite thin films for 15 min to obtain pyroelectricity. Corona poling voltage of 4 kV was then applied on the PVDF thin film for 15 min as a comparison to the poling effect with that of 3 kV. Quasi-static measurement was used to study the pyroelectric properties of PVDF and PVDF/ZnO thin films. The details of the experimental setup for the pyroelectric measurement has been reported elsewhere [21] . The short-circuited pyroelectric current of the films, I p , can be represented by the rate of change of polarization as shown in the following equation:
p where I p is the peak-to-peak pyroelectric current, p is the pyroelectric coefficient, A is the sample area and Δ Δ T t / is the temperature gradient. The measurement for dielectric property of the thin film before and after poling was carried out using the laboratory made dielectric spectrometer (10 mHz-100 kHz) and Agilent 4294A impedance analyzer (40 Hz-1 MHz), respectively [27] .
FTIR transmission spectra were performed on the thin films coated on the silicon substrate and ZnO pellet in the wavenumber range of 400 cm −1 to 4000 cm −1 by using Perkin
Elmer 2000. X-ray measurements were carried out by using PANalytical Empyrean x-ray diffractometer from 2θ = 10°to 40°to examine the crystalline structure. Field emission scanning electron micrographs (FESEMs) were obtained by Hitachi SU 8000 scanning electron microscope.
Results and discussion

Structural analysis
Figure 1(a) shows the FTIR transmission spectra of PVDF and PVDF/ZnO nanocomposite thin films doped with various wt% of ZnO before poling. The fingerprints of peaks α-phase PVDF are well defined at 490, 531, 615, 763, 797, 854, 875 and 976 cm −1 , whereas the absorption bands at 510 and 840 cm −1 are the characteristic of β-phase. It is shown that PVDF prepared in acetone solution is α-phase dominant since the β-phase absorption peaks are relatively small. The fraction of α-phase in the samples which containing both α-and β-phase is further confirmed by assuming that IR absorption follows the Lambert-Beer law [21, 28] :
where α A and β A are the intensities at 763 cm −1 (representing α-phase) and 840 cm −1 (representing β-phase), respectively. The results indicate that the content of α-phase of the PVDF thin films cast from acetone is relatively high (>90%) and proved that the PVDF thin films prepared is α-phase dominant. Figure 1(b) shows the FTIR transmission spectra of ZnO nanoparticles. The broad absorption band at 550 cm −1 is due to the stretching mode of hexagonal ZnO [29] . However, there was no broad absorption band observed around 550 cm −1 for the nanocomposite thin films before poling treatment since the amount of ZnO nanoparticles was too little and may not be detected by FTIR. The intensity and the position of the absorption peaks do not change very much when PVDF was doped with a different amount of ZnO nanoparticles. This implies that ZnO nanoparticles did not affect the structure and crystalline phase of PVDF.
The surface morphology of the thin films has been examined by FESEM. Figure 2 (a) shows the annealing temperature at 140°C allows formation of irregular shaped boundaries of spherullite crystals which is usually observed in α-phase PVDF. The white color particles that were distributed on the surface of the spherullite structure are identified as ZnO nanoparticles as shown in figure 2(b). Figure 2 (c) illustrates an amplified detail of the morphology presented in figure 2 (b). It can be seen that the ZnO (∼100 nm) disperses homogeneously throughout the polymer matrix and there is no large agglomerations of ZnO inclusion observed. The investigations do not indicate any major morphological difference after incorporation of ZnO particles into PVDF polymer matrix.
Figure 3(a) shows the XRD spectra for ZnO pellet with scanning angle from 10°to 40°. There are three dominant sharp and narrow peaks located at 2θ = 31.7°, 34.3°and 36.2°w hich are associated with sharp reflections from (100), (002) and (101) planes. The peaks are indexed to that of ZnO with hexagonal wurtzite crystal structure [30] . The mean crystallite size, D of the ZnO nanoparticles was obtained by using Scherrer's equation [5] :
where λ = 1.54 Å (wavelength of CuK α radiation), β is the full width at half maximum (in unit of radian) of the diffraction peaks and θ is the corresponding diffraction peak's angle. By using the peaks at 2θ = 31.7°, 34.3°and 36.2°, the mean crystallite sizes are determined to be 23 nm, 26 nm and 25 nm respectively. From this result, it can be concluded that the ZnO nanoparticles are nanoscale in size. Figure 3 (b) shows the XRD spectra for PVDF/ZnO 0.25 wt% nanocomposite thin film before poling. X-rays results for as-cast PVDF and PVDF/ZnO exhibited qualitatively similar patterns. The peaks at 2θ = 17.8°, 18.5°, 20°, 26.7°and 38.9°are associated with the reflections of (100), (020), (110), (120) and (200) planes respectively [31] . Incorporation of small amount of ZnO nanoparticles in a PVDF polymer matrix thin film does not affect the crystalline phase of PVDF as suggested by the previously discussed FTIR result. The α-phase was retained in the PVDF/ZnO composite thin films prior to poling process. Due to the small amount of ZnO used, there is only one peak of ZnO present, at 2θ = 36.2°.
In order to conduct quantitative analysis, deconvolution of the x-ray spectra of PVDF and PVDF/ZnO 0.25 wt% nanocomposite thin film before and after corona poling at an electric field of 3 kV is presented in figure 4 . The deconvolution was performed by fitting to superposition of Gaussian functions to determine the integrated peak areas and refinement of the peak positions. In the range of 2θ from 15°to 23°, we observed three sharp peaks which were assigned to (100), (020) and (110) planes and a broad shoulder. The peaks at this region are analogous to α-phase crystalline plane, whereas, the shoulder is associated with halo from noncrystalline molecules. As a result, the diffraction curves observed could be resolved into two regions, crystalline (dash lines) and amorphous (dot line). The degree of crystallinity, X c was obtained to be 70% from the ratio of crystalline to total area under the diffraction curves for samples before and after poling. It implies that annealing temperature at 140°C has successfully induced the crystallinity of the films prior to poling.
Both PVDF and PVDF/ZnO nanocomposites thin films were subjected to a high electric field. The x-ray results after poling treatment indicate a phase transformation of the crystalline structure. Major changes to be noted here is the significant reduction in the (100) reflection plane and the increase in (110) planes while the total area under the diffraction curves remained unchanged after poling. When a very high electric field (>120 MVm −1 ) is applied to the PVDF thin films, a phase transition from α-phase to the highly polar δ-phase is expected. Figures 4(a) and (b) show the x-ray spectra for PVDF before and after poling, respectively. Figures 4(c) and (d) show the x-ray spectra for 0.25 wt% PVDF/ZnO before and after poling, respectively. It is found that there are large reductions in the areas under (100) reflection plane after poling process of around 70% and 85% for PVDF and 0.25 wt% PVDF/ZnO, respectively. Most importantly, no β-phase crystalline peak at 2θ = 20.9°is observed after the poling process [8] . It suggests that a phase transition from α-phase to the highly polar δ-phase in PVDF has taken place during the poling process [7] [8] [9] [10] [11] [12] [13] .
Pyroelectric activity
Figure 5(a) shows the observed rectangular pyroelectric current waveform when a triangular temperature waveform is applied on a poled PVDF thin film at the heating rate of 0.03°C s −1 . This is in agreement with equation (1), which states that a short-circuited pyroelectric current will flow when there is a change along the temperature gradient applied to the thin film. C-F dipoles that aligned perpendicular to the unique polar axis in the PVDF unit cell will be agitated to a slightly disordered state when the temperature gradient was changed from heating to cooling or vice versa. The disordered state of the dipoles reduces spontaneous polarization of the samples and causes the bound charge on the material surface to alter. Free charges at the aluminium electrodes then redistributed themselves to compensate for the change in the bound charges, thus causes the pyroelectric current to flow [32] .
Plotting the graph of I p versus ΔT/Δt enables the determination of the pyroelectric coefficients of the poled PVDF and its nanocomposite thin films. The pyroelectric coefficient of the effective electrode area is calculated by obtaining the ratio of the gradient of the graph as shown in figure 5(b) . Figure 6 shows the dependence of the pyroelectric coefficient on ZnO wt%. It shows that the pyroelectric coefficient generally increases with the increase of ZnO wt% as ZnO nanoparticles in the nanocomposite thin films enhance the local electric field during the poling proces. The local field coefficient, L E measures the ratio of the local field experienced by a spherical particle embedded within a polymer matrix to the applied electric field. It is given by [33] :
where ε is the dielectric constant of the nanocomposites while ε c is the dielectric constant of ZnO. Table 1 shows the value of L E for unpoled PVDF/ZnO nanocomposites with various wt% of ZnO at 10 kHz and 25°C. L E increases by the addition of ZnO wt% since ε increases with ZnO wt%.
When L E increases, the local field experienced by the ZnO nanoparticles gets stronger, causing the ZnO nanoparticles to gather more poling electric field in the polymer matrix at the boundary of ZnO nanoparticle. This has caused the conversion of many more α-phase PVDF to δ-phase PVDF in the nanocomposite PVDF/ZnO thin film compared to that of the pure PVDF thin film, which has resulted in the increase of the pyroelectric coefficient of the nanocomposite PVDF/ZnO thin film. The local field experienced by the ZnO nanoparticles, however, does not cause the ZnO nanoparticles to contribute to pyroelectricity of the nanocomposite thin film as ZnO in nanometer scale itself does not exhibit pyroelectricity. Doping pure PVDF thin film with higher wt% of ZnO has not increased the pyroelectric coefficient of the nanocomposite thin film but has caused the deterioration of the thin film due to the increase in dc conductivity during the poling process. Hence, pyroelectric and dielectric measurements were not conducted for PVDF/ ZnO nanocomposites thin films with ZnO higher than 0.25 wt%. Relationship between pyroelectric coefficient and poling voltage was also studied by applying poling voltage of 3 kV and 4 kV on pure PVDF thin film with the same poling time, 15 min. It was found that the pyroelectric coefficient of the pure PVDF thin film increased when poled with a higher poling voltage of 4 kV as shown in figure 6 . However, the applied poling voltage cannot exceed 4 kV since the thin film cannot withstand such a high voltage as it can damage the film. It is observed that the pyroelectric coefficient for the pure PVDF thin film poled at 4 kV for 15 min and PVDF/ZnO 0.05 wt% nanocomposite poled at 3 kV for 15 min are almost the same. This implies that a slight amount of ZnO nanoparticle can enhance the pyroelectricity of PVDF to the same extent as increasing the poling voltage in the scale of 1 kV. Hence, the results show that a small amount of ZnO doping in the pure PVDF thin film gives similar effect as increasing the poling field by enhancing the pyroelectric activity of the PVDF thin film. Basically, doping a smaller amount of ZnO will be advantageous compared to treating the PVDF film with the high poling field as it is easy to damage the thin films. Figure 7 shows frequency dependence of dielectric permittivity ε′ and dielectric loss ε″ for PVDF and PVDF/ZnO 0.25 wt% nanocomposite thin film before and after poling. The ε′ decreases with the increase in frequency and saturates at a high frequency. ε′ is related with the ability of molecular dipoles of the polymer chains to oscillate in an alternating field. When temperature increases, thermal oscillations intensify and dipoles follow the alternating field more freely, which causes ε′ to increase as the temperature increase. From figure 7(a) , it is observed that ε″ increases with a slope of −1 at low frequency (below 1 Hz) due to the effect of dc conductivity. In general, PVDF exhibits two relaxation processes near 1 Hz and 1 MHz at room temperature. It is well established that the low frequency relaxation process of PVDF is attributed to crystalline motions in the α-relaxation and its high frequency relaxation process is related to the non-crystalline motion, β-relaxation which is associated with the glass transition [4] . However, in the present results the full view of this relaxation is not obtained due to the frequency limitation of the impedance analyzer used. It is shown that ε′ and ε″ increase at low frequencies after poling due to the increment of trapped charge carriers in the thin films. The trapped charge Figure 6 . Dependence of the pyroelectric coefficients on ZnO concentration, wt% of nanocomposite thin film poled at 3 kV and 4 kV. carriers seem to increase the dc conduction and thus ε′ and ε″ at low frequency increased. Figure 7 (b) shows frequency dependence of ε′ and ε″ for PVDF/ZnO 0.25 wt% nanocomposite thin film before and after poling. The general trend of the graph is almost identical to that of PVDF thin film. This shows that ZnO which is less than 0.25 wt% does not influence the molecular motion of PVDF. The value of ε′ in the low-frequency region for PVDF/ZnO 0.25 wt% nanocomposite thin film rise faster than that of PVDF thin film after poling process due to the presence of ZnO nanoparticles. Thus, more charge carriers are trapped and as a result; the dc conduction of the nanocomposite thin film has increased. To show the effect of poling on the thin film, the dielectric spectra of the PVDF/ ZnO 0.25 wt% before and after poling at 100°C was extracted from figure 7(b) and plotted as figure 8. It is shown that the α-relaxation peaks shift to lower frequency after the poling process. Figure 9 shows temperature dependence of ε′ and ε″ for various wt% of ZnO at 10 kHz. It is observed that ε′ and ε″ increase with the increase of ZnO wt% due to interfacial polarization which increases the polarizability of the samples at the interface. This increasing trend holds for both before and after poling treatment of the nanocomposite thin films. Interfacial polarization occurs at the interface of ZnO nanoparticle and PVDF polymer because both materials have a vast difference in conductivity and permittivity [34] . As ZnO nanoparticles have a high surface area/volume ratio, the interface becomes larger with the increase of ZnO content. Hence, the interfacial polarization increases with the ZnO content. The dielectric properties of the thin films were tested up to 140°C since the melting point of PVDF is around 155°C to 176°C [4] .
Dielectric properties
The ε′ increases from 10 to about 15 when pure PVDF thin film is doped with only 0.25 wt% of ZnO for the unpoled condition. The tremendous increment of ε′ is attributed to the interface effect since the size of ZnO nanoparticles is extremely small, that is about 25 nm as determined from the x-ray result. In order to predict the effective dielectric constant of the PVDF/ZnO nanocomposites, a number of theoretical models were employed to the experimental results. Among them, Vo-Shi model is employed to fit the experimental data of the unpoled dielectric constant as this model assumes that the effective dielectric constant of polymer/filler composite depends on the interphase region between the polymer and the filler and as well as the size of the filler [35] . For a three component system that consists of polymer, interphase and filler, Vo and Shi calculated the effective dielectric constant of the composite by:
c where h and l is given by: 3  2  2  1   3  2  2  1   3   3   3  3  2   3  3  2   3   3   3  3  2  2  1   3  3  2  2 where j and m is given by: where ε 1 , ε 2 , ε 3 and ε c are the dielectric constants of filler, interphase, polymer and composite respectively, and a is the radius of filler, (b-a) is the thickness of the interphase region, and c is the radius of the equivalent composite. a b
and a c / 3 3 are given respectively by:
where k is a parameter that is related with the size of filler, and ∅ F is the volume fraction of the filler. In addition, the value of k also reflects the matrix/filler interaction strength. All the parameters mentioned above are known except for k and ε 2 that are left to be fitted. The known parameters obtained from the experiment results are ε = 37. Maxwell-Wagner model is also used to fit the experimental result. This model assumes that the equal-sized spherical fillers are isolated from each other and will not experience field induced by other spherical fillers [35] . The formula is given by: where ε 1 , ε 2 and ε c are the dielectric constants of the filler, polymer and composite respectively while ϕ is the volume fraction of the filler.
Effective dielectric constant may also be derived from Jayasundere-Smith model, which applies a finite-element model for two equal-radii spheres representing polymer and filler [36] . The equation is as follows: Figure 10 shows the comparison of Vo-Shi, MaxwellWagner and Jayasundere-Smith model predictions with experimental data of the unpoled PVDF/ZnO nanocomposite thin film at 10 kHz. Vo-Shi model fits well with the experimental data where k = 65 and ε 2 = 2000 give the best fit. The high k values may also suggest a strong interaction between the functional groups of the polymer and the surface of the nanoparticles. However, our IR results do not show any interaction between the polymer and ZnO. As a result, the effective dielectric constant obtained could be attributed to the size of filler being employed in this study. For a given volume fraction of filler, a smaller particle size has a larger fraction of interphase volume, that is, the region between the filler and the polymer matrix [35] . Also, smaller particle size suggests more polarization in the interphase surface. Thus, the size of ZnO nanoparticle which is extremely small gives rise to the very high value of k and ε 2 . As a result, dielectric constant of the PVDF/ZnO nanocomposites can be increased tremendously although by doping with a very small amount of ZnO nanoparticles. It is worth noting the importance of the presence of interphase, which greatly enhances the dielectric constant of the nanocomposite thin films. The experimental data cannot fit well into Maxwell-Wagner and JayasundereSmith models as these models do not take into account the presence of interphase, which exists between the polymer and filler.
The complex dielectric permittivity was also fitted with HN empirical equation as stated below [37] :
where, ε ∞ is the infinite relative dielectric permittivity at high frequency, Δε is the dielectric strength, τ is the relaxation time, ω is the angular frequency, σ dc is the dc conductivity, α and β are the fitting parameters that represent the width and the skewness of the α-relaxation peak respectively. When both α and β increase, the width and the skewness of the α-relaxation peak decrease. Figure 11 shows the observed (circles) and fitted (solid lines) spectra of ε′ and ε″ for PVDF/ ZnO 0.25 wt% nanocomposite thin film before poling measured at 100°C. The fitted spectrum matches with the observed experimental results reasonably well by using equation (15) . The dielectric properties as shown in figure 11 comprised by HN function are evaluated as the best fit parameters. The value of the fitting parameters α was found to be almost equal to 1. τ is related to f as shown in:
where f is the frequency in which the α-relaxation peak occurs. By fitting the experimental values of ε′ and ε″ to that of HN empirical equation, the value of f before and after poling can be deduced and plotted against 1/T for several amounts ZnO wt% of nanocomposite thin films. Figure 12 shows the plots of the logarithm of τ against the reciprocal of absolute temperature 1/T (transition map) of the thin films before and after poling with a linear relationship. This implies that α-relaxation is a thermally generated process and shows Arrhenius behavior [4] . The α-relaxation time and the activation energy, which is represented by the gradient of the graph of log τ and 1/T, were almost the same for all thin films. The activation energy of the α-relaxation before and after poling process is 76 kJ mol −1 . The activation energy obtained in this study is quantitatively agreed with the PVDF prepared by crystallization from the melt [4, 38] . The relaxation time of after poling is found longer than that of before poling. The relaxation time, τ of the samples at 140°C has increased from 1.5 × 10 −5 s to 4.1 × 10 −5 s after poling process. This suggests that poling has resulted in the structural transformation of the PVDF, in which α-phase PVDF was converted into δ-phase PVDF. The following factor is considered for the difference in relaxation time before and after poling. The state of δ-phase can be assumed to be thermodynamically similar to α-phase because both phases have identical size of unit cells and chain conformation during the transformation. However, the interatomic distance between the fluorine atoms of the adjacent chains pack in δ-phase is closer and thus the dipoles oriented preferentially in the direction of the electric field. The phase transformation due to the poling process has caused significant changes in the crystalline relaxation. Thus, δ-phase undergoes slower motion of the relaxation time compare to that of α-phase. At the low temperature region (high 1/T value), α-relaxation time for PVDF is almost similar to that of PVDF/ZnO nanocomposites before and after poling. The change due to the dc conduction is insignificant after the poling process and it has been masked under the dc conduction curves.
Conclusions
In this paper, the electrical and structural properties of PVDF doped with very small amount of ZnO have been discussed. The incorporation of the ZnO in the polymer matrix composite has successfully directed the local electric field on the polymer matrix during the poling process. These findings imply that an increase in the conductivity of the polymer matrix has significantly led to a more efficient poling process by reducing the required electric field. As a result, the pyroelectric coefficient of the PVDF/ZnO nanocomposite thin film increases with the increase of ZnO wt% up to 0.25 wt%. Xray results have also shown that the incorporation of ZnO nanoparticles into PVDF induces a phase transformation from α-phase to the polar δ-phase effectively and no further transformation to β-phase is observed. Several models have been evaluated to predict the effective dielectric constant of this composite and it was found that Vo-Shi model gives the best fit among the others. It suggests that the presence of interphase between the nanoparticles and polymer matrix play an important role in the enhancement of the dielectric constant of the nanocomposite thin films. The observed relaxation time suggests that δ-phase undergoes slower molecular dynamic compare to that of α-phase. 
